ABSTRACT This paper proposes a novel prescribed performance fault tolerant control for hypersonic flight vehicle nonaffine models with actuator failures. First, the hypersonic flight vehicle longitudinal model is decomposed into two subsystems: the altitude subsystem and the velocity subsystem, which are expressed in non-affine forms to design the controller. Second, a novel performance function is used to design the backstepping controller, considering the actuator failures of the altitude subsystem. Different from previous studies, the backstepping controller designed in this paper reduces the steps and computational load. For the velocity subsystem, a prescribed performance fault-tolerant control law is also designed for the nonaffine velocity subsystem with actuator failures. The novel performance function not only guarantees the transient performance and steady-state accuracy of the system but also greatly reduces the overshoot of tracking error. Finally, the Lyapunov functional is used to prove the stability of the designed control system, and the effectiveness and superiority of the method are verified by simulation.
I. INTRODUCTION
After the successful flight test of X-43A and X-51A powered by scramjet engines at the NASA Center in the United States, hypersonic flight vehicle (HFV) has been considered as the most threatening and most trustworthy aircraft in the 21st century [1] - [5] . In principle, HFV can now fly as the speed of ballistic missiles in the atmosphere, but unlike the latter, the trajectory of HFV is complex and difficult to predict [6] - [7] . The development of HFV is a sophisticated, multi-disciplinary and complex project, which combines basic research with engineering test. It involves hypersonic aerodynamics, scramjet technology, new composite materials and thermal protection technology, control technology and integrated technology [8] - [10] .
Due to its tightly integrated plane structure, complex and variable flight environment, the HFV dynamic model has the characteristics of uncertainty, nonlinearity, nonaffine and
The associate editor coordinating the review of this manuscript and approving it for publication was Chaoyong Li. strong coupling, which poses a huge challenge to the design of control system [11] , [12] . The advanced aircraft design method enables HFV to possess many undesirable complex dynamic characteristics such as the design of flat and slender fuselage and the use of a large number of light flexible materials increase the flexibility of HFV, which makes it easy to excite flexible modes and cause undesirable body vibration in high-speed flight [13] , [14] . The integrated configuration of HFV fuselage engine also requires super-combustible impact. Integrating pressure engine and fuselage make the engine located at the bottom of HFV fuselage produces an additional lift moment while generating thrust, which increases the burden of HFV actuator in starting control to a certain extent. Furthermore, the complex and changeable external environment disturbance and high dynamic pressure caused by high speed in large airspace flight make the actuator very easy to appear failures which lead to stricter control constraints for HFV. Meanwhile, due to the hypersonic flight mission, HFV's control system needs to have satisfactory transient performance and less computational load [15] - [17] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
In recent ten years, flight control research of HFV emerges in endlessly [18] - [22] . By combining terminal sliding mode control and second-order sliding mode control approach, the second order terminal sliding control is proposed for the velocity and altitude tracking control of the HFV, but it is difficult to ensure the convergence of the system while introducing disturbance [23] . An anti-disturbance backstepping control approach with extended state observer is proposed for tracking control of HFV which considers the large uncertainties, the external disturbances and especially the lack of aerodynamic knowledge, but the boundedness of the tracking error is not explained [24] . Although some achievements have been made in the above research, the actuator mechanism damage and aerodynamic parameters uncertainty of HFV under input saturation state have not been considered. Meanwhile, most of the above researches adopt rigid body model of HFV. Therefore, in order to reduce the crash disaster caused by actuator failures, realize its safe flight and effectively complete the established tasks, it is of great significance to strengthen the research of fault-tolerant control of HFV flexible model [25] , [26] . An adaptive fault-tolerant compensation controller with ''switching change'' is designed for HFV with damage faults, but the design process of controller is complex, and the calculation is large [27] . When there are both failures and input saturation problems, a fault-tolerant control method of HFV is designed by reconstructing a new feasible trajectory and transforming saturation into input constraints based on predictive control theory [28] .
Most of the existing research results of HFV tracking control are focused on the accuracy of tracking error but ignore the transient performance of the system [29] , [30] . A novel constraint approaches variable is used to construct virtual control that guarantees the tracking error within the transient and steady-state performance envelopment [31] . Wei et al. study a new adaptive attitude control method which is suitable for target combination of post-capture space robots with unknown inertia and external disturbance to achieve prescribed performance [32] . In order to solve the mismatched uncertainties and differential explosion problems as well as guarantee the steady and transient performance of the tracking error of the original system, Song et al. propose a robust dynamic surface controller with given performance for a class of nonlinear feedback systems [33] . Based on these, the prescribed performance control method has been applied to the tracking control of HFV [34] , [35] . Zhao et al. study the control design of HFV system with unknown direction control and introduce the fully tuned dynamic radial basis function (RBF) neural network to approximate the unknown term, but the control method is complex form and poor adaptive adjustment ability of parameters [36] .
Despite the above research results on HFV flight control, further research has not stopped. Most of the existing studies have not considered the nonaffine control problem of HFV with actuator failures. In fact, for the HFV control inputs, the controller designed for it should be nonaffine one [37] , [38] . In this paper, considering the actuator failures, a novel prescribed performance fault tolerant control for HFV nonaffine model is proposed. Firstly, the HFV model is decomposed into subsystems of altitude and velocity which are expressed as nonaffine forms to design controllers respectively. Second, on the basis of considering the actuator failures of the altitude subsystem, a novel prescribed performance function is used to design the backstepping controller. Unlike previous studies, the backstepping controller designed in this paper reduces the steps and computational load. For the velocity subsystem, a prescribed performance fault-tolerant control law is also designed for the nonaffine velocity subsystem with actuator failures. The use of the novel prescribed performance function not only ensures the transient performance and steady-state accuracy, but also reduces the overshoot of tracking error greatly. Finally, Lyapunov functional is used to prove the stability of the designed control system, and the effectiveness and superiority of the proposed method are verified by contrast simulation. The main contributions of this paper are summarized as follows:
1. The control method designed in this paper is based on the nonaffine models of HFV, which are closer to the actual flight situation than previous studies. The novel prescribed performance function is introduced to ensure the transient performance and steady-state accuracy of small overshoot control system.
2. Considering the actuator failures of HFV altitude and velocity subsystem, the failure model is also considered as a nonaffine model. RBF neural network is introduced to approximate the fault term which simplifies the controller design.
3. The uncertainties in HFV flight control are realized by using backstepping control method to meet the requirements of matching conditions. There are less steps in backstepping design and low computational load.
4. In order to verify the robustness of the system, perturbations are added to the aerodynamic parameters. Compared with existing three control methods, the control method proposed in this paper has better tracking performance and robustness. Meanwhile, the HFV model initial value is changed and simulated again. From the simulation results, the method presented in this paper has certain effectiveness.
The rest of this paper is outlined as follows. Section 2 introduces the motion model of HFV and the novel prescribed performance function. Section 3 studies the controller and proves its stability. The contrast simulation results are presented in Section 4. The final conclusion is proposed in Section 5.
II. MODEL DESCRIPTION AND PRELIMINARIES

A. HFV DYNAMICS MODEL AND PRELIMINARIES
In this paper, the control-oriented nonlinear model of HFV from Parker [37] [38] is adopted, and its longitudinal plane stress is shown in Fig. 1 . The longitudinal dynamic model of HFV derived from the standard Lagrange equation can be expressed as follows: 
The above vehicle model has five rigid body states (velocity V , altitude h, flight path angle γ , pitch angle θ , pitch rate Q) and two flexible states (η 1 and η 2 ). Moreover, m and I yy denote the mass of HFV and moment of inertia.
The attack angle
and ψ i denote lift force, thrust force, drag force, pitching moment, the ith generalized force, damping ratio for flexible state η i , natural frequency for flexible state η i and constrained beam coupling constant for flexible state η i . Their details are as follows:
where q is air dynamics pressure, ρ, S, c and z T denote air density, reference area, aerodynamic chord and thrust arm. It can be seen from (1)∼(8), the control inputs are fuel-toair ratio and elevator angular deflection δ e , and the outputs are velocity V and altitude h. The control goal is to devise non-affine prescribed performance controllers and δ e via backstepping for HFV such that velocity V and altitude h can track their reference commands V ref and h ref in the presence of parametric uncertainties. It can be seen that the control inputs and δ e do not occur explicitly in (1)∼(7) but appear through L, T , D, M , N 1 and N 2 . For more detailed definitions of other parameters and coefficients, the readers could refer to [38] .
Remark 1: Obviously, the flexible states can't be measured for control design. When designing controllers, they are treated as system uncertainties that are coped with by the controller's robustness.
From (1)∼ (8), it can be also seen, the flexible states of HFV are coupled with the rigid states severely by aerodynamic force L, T , D, M . If the effect of restraining the flexible states is not obvious, the control of the rigid states will be greatly affected. Therefore, the mission of the control system is not only to ensure the stability of the rigid-body system to track the reference inputs, but also to ensure the ultimate convergence of the flexible states [39] .
Assumption 1 (see [40] ): The desired reference inputs V ref and h ref are known and bounded, as well as their derivatives.
Lemma 1 (see [41] , [42] ): For any given continuous function y on a compact set Z , there is an RBF neural network W T S (Z), such that
where W is weight parameter vector and S (Z) is the basis function vector which is expressed as
Gaussian function
where a i = [a 1 , a 2 , · · · , a n ] ∈ R n represents the center vector and b i ∈ R + is the width of the Gaussian function. n and p denote dimension of input vector and number of nodes. If enough nodes are selected, there must be an ideal weight
where |δ| ≤ δ M is approximation error, δ M is the upper bound of approximation error.
B. PRESCRIBED PERFORMANCE
Define a continuous function ϑ (t) that satisfies the following two conditions simultaneously, called performance function [29] , [30] .
(1) Performance function is continuously differentiable, bounded, strictly positive and decreasing function of time.
(2) lim t→∞ ϑ (t) = ϑ ∞ > 0. According to the definition of performance function, this paper chooses the following function as the performance function. where ϑ (t) = (ϑ 0 − ϑ ∞ ) e −lt + ϑ ∞ and ϑ 0 , ϑ ∞ , l ∈ R + are design parameters. l is related to the adjustment time, ϑ 0 and ϑ ∞ are related to overshoot.
Define tracking error e (t) as
Remark 1: Traditional performance function ϑ (t) has certain prescribed reliability, but it requires high accuracy of tracking error and does not have small overshoot characteristics [43] . On one hand, the probability of control singularity is reduced, and on the other hand, the overshoot of tracking error is reduced. The following Fig. 2 shows that the novel performance function constructed by introducing hyperbolic tangent function can adaptively change its shape according to the change of tracking error. Furthermore, by reasonably selecting the parameters of the novel performance function, the tracking error can be small overshoot or even zero overshoot.
Since the control law cannot be directly designed via Eq. (13), the transform error function ε (t) is introduced to transform the constrained system into an unconstrained equivalent system.
with
The time derivative of Eq. (14) is given bẏ
Proof: Because ε (t) is bounded, there is a positive constant ε M and |ε(t)| ≤ ε M . Moreover, the inverse transformation of Eq. (15) is
Furthermore, there is
It can be available form Eq. (17) that
Because of Eq. (18), there is
that is ϑ l (t) < e(t) < ϑ r (t).Therefore, the theorem is proved completed. It should be pointed out that the transient performance is an inherent performance of the control system, which is related to the composition of the control system and the selection of design parameters. Therefore, prescribed performance control does not improve the inherent transient performance of the control system, but only provides a constraint tool to select the desired transient performance through the ''squeeze'' method.
III. CONTROLLER DESIGN
According to the timescale principle in [44] , the velocity is slower dynamics compared with altitude angles. Thus, the HFV motion model can be decomposed into velocity subsystem and altitude subsystem for the simplicity of control design. The HFV longitudinal model (1)∼(7) can be expressed as the nonaffine model
where f V (V , ) and f i (·) , i = 1, 2, 3 are unknown smooth functions.
A. ALTITUDE CONTROLLER DESIGN
Define the altitude performance function as Eq. (12) and the reference input of path angle as
where
there is the corresponding dynamics for ε h (t) as
Thus, ε h (t) is bounded and then the altitude subsystem's control objective becomes
Assumption 2 (see [38] ): For any (x, δ e ) ∈ x × R, there is
where x is a controllable set. And z 3 =ż 2 , from Eq. (20) , there isż
Thus, after the above transformation, the altitude subsystem is transformed into the following nonaffine pure feedback model.
Considering actuator failures and bounded disturbance varying with time, the system (26) becomes 
= Au with A ∈ R n×n [28] , [45] . Also, actuator failures can be expressed as u f = (1 − λ i )χ i with 0 < λ i < 1 and χ i denotes stuck position [46] , [47] . In terms of actual flight, actuator failures cannot be described as a linearized form, but as u f = f (x, u) , t ≥ t f . t f is the time when an unknown failure occurs. This failure model is a nonaffine form, which can also be called non-modeling failure.
Assumption 3 (see [48] ): There is an unknown positive [49] ): f 0 (x, δ e ) is differentiable for δ e . There are unknown positive constants g 0 , g 1 and g 2 , such that g x, δ * e = [∂f 0 (x, δ e )/∂δ e ] δ * e =δ e , δ * e ∈ (0, δ e ) satisfies the following inequation (28) According to [38] and the rigid body value range of HFV flight envelope in TAB. 1, Assumptions 2 and 4 are valid.
Based on unconstrained transform error signal, an adaptive fault-tolerant control method is designed by combining RBF neural network with backstepping control. The design process is as follows.
Step 1: Define the flight path angle tracking error e γ = z 1 − γ d , and the time derivative of the corresponding transform error is as followṡ
where ϑ l1 (t) and ϑ r1 (t) are the corresponding performance functions to ε 1 (t), r 1 (t) =
Choose the following Lyapunov functional
Differentiation of Eq. (30) iṡ
Define the pitch angle tracking error e θ = z 2 − θ d . In combination (29) , Eq. (31) can be changed tȯ
where θ d is the first virtual control law. Choose the following virtual control law
where k 1 > 1/2 is a design parameter. Substituting Eq. (33) into (32), there iṡ
Apparently, if e θ is small enough, there isL 1 ≤
Step 2: Choose the following Lyapunov functional
Differentiation of Eq. (35) iṡ
Define the pitch rate tracking error e Q = z 3 − Q d . Then Eq. (36) becomeṡ
where Q d is the second virtual control law. Choose the following virtual control law
where k 2 > 1/2 is a design parameter.
Substituting Eq. (38) into (37), there iṡ
Step 3: Considering the pitch rate tracking error e Q = z 3 − Q d , according to Eq. (27) , there iṡ
According to Mean Value Theorem, Eq. (40) can be expressed aṡ
Thus, from Assumption 4, there are g 0 ≤ g x, δ * e ≤ g 1 and g x, δ * e > 0. Choose the following Lyapunov functional
Differentiation of Eq. (42) iṡ
According to Lemma 1, applying RBF neural network to approximate
where 
Choose the following actual control law and adaptive laws
whereĝ 2 is the estimation of g 2 . k 3 , c 0 , c 1 , c 2 and c 3 are positive design parameters. Substituting Eqs. (44) and (47) into (45), there iṡ
Theorem 2: Considering HFV altitude subsystem with unmodeled actuator failures and bounded disturbances, on the premise of satisfying Assumptions 1 ∼ 4, the fault-tolerant control law and adaptive laws in Eq. (47) are designed by transform error. All signals in the closed-loop system are bounded and the tracking error is limited to the prescribed range.
Proof: According to the derivation process, choose the following Lyapunov functional
Differentiation of Eq. (49) iṡ
According to Eqs. (34), (39) and (46), there iṡ
Using Lemma 1 and Assumption 3∼4, there iṡ
Substituting Eq. (47) into (52), there iṡ
There are inequalities as follows 
where -
It can be obviously seen that e Q andW 1 are uniformly ultimately bound. Thus, e θ is bounded. And then the transform error ε 1 (t) is uniformly ultimately bound. From Theorem 1, the tracking error is limited to the prescribed range as Eq. (13) . Therefore, the theorem is proved completed.
B. VELOCITY CONTROLLER DESIGN
Considering the actuator failures and bounded disturbance in the actual flight process of HFV, the velocity subsystem in Eq. (20) is changed into the following form:
where f V (V , ) is an unknown smooth nonlinear function, f V 0 (V , ) denotes the actuator failures function and d V 0 (t) denotes bounded disturbance with time. Assumption 5 (see [48] ): There is an unknown positive [49] ): f V 0 (V , ) is differentiable for . There are unknown positive constants g V 0 , g V 1 and g V 2 , such that g V (V , * ) = [∂f V 0 (V , )/∂ ] | * = . * ∈ (0, ) satisfies the following inequation
According to the design method of altitude subsystem controller, the following adaptive fault-tolerant control law is designed for velocity subsystem.
Define the velocity tracking error e V = V − V ref , and the derivative of the corresponding transform error is VOLUME 7, 2019 as followṡ
Thus, from Assumption 6, we may know
According to Lemma 1, applying RBF neural network to approximate actuator failures.
Choose the following control law and adaptive laws
Substituting Eqs. (63) and (66) into (65), there iṡ
Theorem 3: Considering HFV velocity subsystem with actuator failures and bounded disturbance, on the premise of satisfying Assumptions 5 ∼ 6, the fault-tolerant control law and adaptive laws in Eq. (66) are designed for the HFV velocity subsystem. The transform error ε 2 (t) in the closed-loop system is bounded, and the velocity tracking error is limited in the prescribed range, so as to realize the prescribed transient performance and steady-state accuracy.
Proof: Consider the following Lyapunov functional
According to Eqs. (60) and (67), there iṡ
Using Lemma 1 and Assumptions 5∼6, there iṡ 
There are inequalities as follows
where W 2 is a design parameter.
Substituting Eq. (62) into (72), there iṡ
where - From Eq. (75), L V 0 (t) is exponential asymptotic convergence and lim t→∞ L V 0 (t) = 2 / -λ 2 . It can be obviously seen that W 2 is uniformly ultimately bound. And then the transform error ε 2 (t) is uniformly ultimately bound. From Theorem 1, the tracking error is limited to prescribed range as Eq. (13). Therefore, the theorem is proved completed.
IV. SIMULATION RESULTS
The longitudinal motion model of HFV (1)∼ (7) is used to become the controlled object, and the tracking simulation experiment of velocity and altitude reference inputs is carried out by MATLAB. The simulation algorithm is solved by the fourth-order Runge-Kutta method, and the simulation step is 0.01s. The control laws and adaptive laws (33) , (38) , (47), (66) are used in the simulation experiment. The state initial values of HFV are shown in the Tab. 2. Meanwhile, all the model parameters and aerodynamics coefficients used in this paper can refer to [37] and [38] .
In the simulation test, both the velocity and altitude reference models are smoothed via the following filters respectively and same to [50] .
(76) VOLUME 7, 2019 FIGURE 9. Control inputs. The second-order reference model given by the (76) is shown in the Fig. 3 . In the simulation experiment, the velocity step amplitude V c is 100m/s and the altitude step amplitude h c is 100m.
In order to test the robustness of the controller, assuming that the aerodynamic coefficients of the HFV model have perturbations C = C 0 [1 + 0.4 sin (0.05πt)], where C 0 is nominal value of HFV aerodynamic coefficient. By this definition, parameter uncertainty up to 40% of the nominal value is taken into consideration. The performance functions of control system are chosen as:
The controller parameters are chosen as k V 1 = 0.8, functions of the altitude subsystem and the velocity subsystem are (1 − 0.05 sin (Q)) δ e and (1 − 0.1 sin (V )) respectively. The simulation time is set to 80s. The external disturbance functions d 0 (t) = 0.04 sin (0.5π t) and d V 0 (t) = 2 sin (0.1π t) occur at 30s. In order to verify the superiority of the control method (PPFT) proposed in this paper, the simulation results are compared with the following two methods. One is observer-based fault-tolerant (OFT) control method in [51] and the other is the neural adaptive control (NAC) control method in [45] . The simulation results compared with OFT and NAC are shown from Fig. 4 to Fig. 10 . In Fig. 4 , the velocity and altitude of OFT and NAC tracking performance significantly decreased after adding disturbance functions, but PPFT method keeps better tracking performance. In Fig. 5 and 6 , the tracking errors of both OFT and NAC methods are significantly larger than those of PPFT method, and the tracking errors of PPFT method can maintain the prescribed transient performance and steady-state accuracy. For control inputs and flexible states, although the three methods are smoother and there is no high frequency buffeting. The buffetings of OFT and NAC are significantly stronger than that of PPFT. Two transform error functions are bounded in Fig. 10 . Actually, the NAC and OFT methods have been able to ensure high steady state performance of HFV, especially since the error accuracy of the NAC method is small enough. However, the PPFT method can not only guarantee better steady-state performance of tracking errors than the previous two methods, but also guarantee satisfactory transient performance of tracking errors. The PPFT method has more energy consumption than the previous two methods while achieving small computation load and satisfactory control performance.
Meanwhile, the PPFT method in this paper is compared with that in [52] (actuator failure compensation control, AFC) without disturbance. In the simulation experiment, V c is a step signal that increments by 100m/s every 100s and h c is a square wave signal with the period of 200s and amplitude of 100m. The simulation time is set to 300s.
The simulation results are shown in Fig. 11 to Fig. 15 . The  Fig. 11 shows that PPFT method has better velocity tracking performance in both steady-state accuracy and transient performance. Although in Fig. 12 , the altitude error's overshoot and stability time of PPFT method are a little worse than those of AFC method. However, the steady state accuracy of PPFT method is higher. Furthermore, although there is no high frequency buffeting in the altitude angle response and flexible states of the two methods, it can still be seen from the Figs. 13 and 14 that the buffeting amplitude of the PPFT method is smaller and more stable. Fig. 15 indicates that the responses of control inputs are satisfactory. It can be said that the PPFT method achieves more stable HFV flight control while sacrificing some transient performance.
In order to further illustrate the effectiveness of the proposed method, the initial values of HFV model are partially changed and the simulation experiment is carried out. The initial values of the modified HFV model are shown in Tab. 3 . Simulation results are shown in Fig. 16 to Fig. 20 . Although only the initial values of HFV model are changed slightly, it can be clearly seen that the initial value of tracking errors become negative. However, the tracking performance is still satisfied. Meanwhile, the initial values of the tracking error are either positive or negative, which indicate the effectiveness of the method.
V. CONCLUSION
In this paper, a novel prescribed performance fault tolerant control for HFV nonaffine model with actuator failures is proposed. Based on timescale principle, the HFV model is decomposed into two subsystems: the altitude subsystem and the velocity subsystem, which are expressed in nonaffine forms to design the controller. In order to achieve satisfactory transient performance and steady-state accuracy of tracking error, a new performance function is designed. The function satisfies small overshoot of tracking error and the boundary of performance function varies with tracking error adaptively. For the altitude subsystem, the simplified step backstepping control with actuator failures is proposed which reduces the computational load. A prescribed performance fault-tolerant control law is also designed for the velocity subsystem with actuator failures. The Lyapunov functional is used to prove the boundedness of all the signals in closed-loop system. Through simulation experiments, the proposed method is compared with three existing control methods. The method proposed in this paper can provide better robust tracking performance of velocity and altitude reference inputs while guaranteeing satisfactory transient and steady-state accuracy. Furthermore, after changing the initial value of the system, the control method can still ensure satisfactory tracking performance, which further proves the effectiveness of the method. The method proposed in this paper has certain engineering application significance, which can lay a foundation for the subsequent research on the prescribed performance fault tolerant control of HFV non-affine model. Furthermore, the model failure types considered in this paper are complete and closer to the actual situation, which can lay a foundation for a complete fault-tolerant detection and control mechanism in the future.
